Methods-Computer algorithms were developed to identify blood pressure falls caused by inspiration and rises related to arousal from 286 sleeping blood pressure samples of a consistent respiratory state drawn from 51 polysomnographic studies. From these samples, normal ranges for the number of arousal related systolic rises and the average size of the inspiratory falls were established. These were then applied prospectively to all night unedited blood pressure recordings from a further 20 subjects. Results-The size of the inspiratory falls in blood pressure progressively increased from normal sleep, through snoring, to frank obstructive sleep apnoea. The 95th centile of normal was 12 5 mm Hg. The number of arousal related blood pressure rises also increased during obstructive sleep apnoea and periods of snoring with associated arousals, compared with normal undisturbed sleep, and all these periods of disturbed sleep included more than 30 such rises per hour. When these blood pressure features were examined in the 20 subjects studied prospectively, the six with a sleep related breathing disorder could all have been identified from their systolic blood pressure profile alone. Conclusions-The systolic blood pressure profile may be helpful in identifying patients with obstructive sleep apnoea, snoring with arousals, or other sleep disruption syndromes.
Abstract
Background-Respiratory sleep studies are frequently performed to identify sleep disruption resulting from upper airway obstruction. Traditional polysomnographic studies may not detect brief recurrent sleep disruption and thus fail to recognise a significant problem when apnoea, hypopnoea, or arterial desaturation are not present. Arousal from sleep causes a transient blood pressure rise, and each inspiration causes a transient blood pressure fall. This study assesses whether these blood pressure changes are a useful indirect marker of disturbed sleep, obstructed sleep apnoea, and snoring related sleep disturbance. Methods-Computer algorithms were developed to identify blood pressure falls caused by inspiration and rises related to arousal from 286 sleeping blood pressure samples of a consistent respiratory state drawn from 51 polysomnographic studies. From these samples, normal ranges for the number of arousal related systolic rises and the average size of the inspiratory falls were established. These were then applied prospectively to all night unedited blood pressure recordings from a further 20 subjects. Results-The size of the inspiratory falls in blood pressure progressively increased from normal sleep, through snoring, to frank obstructive sleep apnoea. The 95th centile of normal was 12 5 mm Hg. The number of arousal related blood pressure rises also increased during obstructive sleep apnoea and periods of snoring with associated arousals, compared with normal undisturbed sleep, and all these periods of disturbed sleep included more than 30 such rises per hour. When these blood pressure features were examined in the 20 subjects studied prospectively, the six with a sleep related breathing disorder could all have been identified from their systolic blood pressure profile alone. Conclusions-The systolic blood pressure profile may be helpful in identifying patients with obstructive sleep apnoea, snoring with arousals, or other sleep disruption syndromes. (Thorax 1993; 48:1242 -1247 Obstructive and central sleep apnoea,' snoring with arousal from sleep,23 and nocturnal periodic movements of the legs4 all cause symptomatic sleep disruption which is reversible with appropriate treatment. The traditional way of assessing these disorders is by polysomnography5 which includes sleep staging from the electroencephalogram (EEG), electro-occulogram (EOG), anrd electromyogram (EMG), and respiratory monitoring, usually from oronasal airflow, arterial oxygen saturation, and an index of respiratory effort. Such complex studies are time consuming and tend to disturb normal sleep (changing the state they are attempting to document). 6 Simpler systems, usually based on an arterial pulse oximeter, are available and are designed to identify frank obstructive sleep apnoea. It has recently been shown, however, that severe symptomatic sleep disruption which reverses with nasal continuous positive airway pressure can occur without apnoea, hypopnoea, or oximetry abnormality in response to the increased inspiratory effort of snoring alone.2' These patients (as well as those with non-respiratory sleep disruption) would appear normal if only respiratory indices were considered.
The systolic blood pressure falls with inspiration,7 and rises with arousal from sleep. 8 The size of these inspiratory falls is a semiquantitative indicator of the degree of respiratory effort,9 and the rises coincident with arousal are a consistent feature of sleep disruption syndromes including obstructive sleep apnoea,"°central sleep apnoea," and nocturnal periodic movements of the legs.'2 Non-invasive blood pressure measurement could therefore be used to identify abnormal respiration or sleep disturbance without the need for traditional polysomnography.
This study aims to assess whether the systolic blood pressure profile could have a role in the assessment of patients with possible obstructive sleep apnoea.
Methods
The study was performed in two parts. The systolic blood pressure characteristics which best defined inspiratory blood pressure falls and arousal blood pressure rises were identified from carefully selected samples of normal sleeping respiration, snoring (with and with-out arousals), and obstructive sleep apnoea. These characteristics were then used in a computer algorithm and applied prospectively to sleeping blood pressure recordings from patients having traditional polysomnography for possible obstructive sleep apnoea. -.
- 4 . The hand bearing the Finapres remained at a consistent hydrostatic level relative to the heart (assessed from the audio/video recording). 5. The blood pressure trace was not affected by movement artifact or interruption of the trace. All the periods which satisfied these criteria were used in the analysis, and the respiratory state represented by each sample was decided before its blood pressure profile was examined.
The raw data files from five of these samples were visually reviewed and the time course which described the blood pressure falls in time with inspiration was identified. This provisional definition was then applied to five further short samples and its results compared with manual identification of the respiratory falls from the same traces. The causes of any discrepancies were identified and the algorithms refined as a result. This "test and adapt" approach was repeated until the optimal definition was derived. The blood pressure profile was then smoothed with a moving five beat mean to facilitate identification of the arousal related rises (fig 1) and the characteristics which best described these rises similarly defined. These digital algo-
--F~~* U) Figure 2 Box and whisker plots of the mean inspiratory systolic fals and arousal related rises during selected periods of normal sleep, snoring (with and without arousals), and obstructive sleep apnoea (OSA). Since the data are not normally distributed, the plots show the median, the interquartile range, and the 10th and 90th centiles. Individual data points which lie outside the 10th and 90th centiles are individually shown.
rithms were used to extract the size of the inspiratory falls, and to count and quantify the arousal related rises from all the short samples of sleeping blood pressure.
PROSPECTIVE TESTING OF THE COMPUTER PROGRAMS
The programs capable of identifying blood pressure falls due to inspiration and rises at arousal were combined to produce one program which processed a whole night's blood pressure recording. This program was then applied to records from 20 new patients being assessed for possible obstructive sleep apnoea. The blood pressure recordings from these subjects were not edited to remove movement artifacts and the analysis was performed on the whole of the record. Each patient completed a questionnaire documenting the symptoms of obstructive sleep apnoea and daytime sleepiness.'4 The patients then underwent polysomnographic measurements similar to those used during the retrospective data collection. The severity of obstructive sleep apnoea was quantified from these studies as the number of > 4% dips in arterial saturation per hour of sleep.
These 20 subjects were divided into three clinical groups on the basis of their clinical features (from the questionnaires), and their polysomnographic results. This decision was made blind of the blood pressure data. The categories were: (1) normal (quiet undisturbed sleep and no abnormal oxygen desaturation, apnoea, or hypopnoea); (2) snorer (history of snoring, snoring during sleep without recurrent arousals from sleep, and no abnormal oxygen desaturation, apnoea, or hypopnoea); (3) significant sleep related breathing disorder (history of sleepiness and snoring, together with periods of heavy snoring with recurrent EEG arousals or abnormal oxygen saturation dipping, apnoea, or hypopnoea, or both).
After the patients had been allocated to one of the groups, the blood pressure profile was analysed and the ability of the blood pressure analysis to predict the severity of the obstructive sleep apnoea, and the clinical diagnostic and treatment decisions were examined.
Results

RETROSPECTIVE DEVELOPMENT OF THE COMPUTER ALGORITHM
A total of 286 sleep periods were identified from the 51 polysomnograms, 72 of which were normal sleep, 98 snoring, 25 snoring with EEG arousals, and 91 obstructive sleep apnoea.
The optimal description of an inspiratory related fall in systolic blood pressure was found to be any fall from peak to trough lasting more than 1-5 seconds but less than seconds. The optimal description of an arousal related rise was found to be a rise of more than 18 mm Hg which ended in a fall of 4 mm Hg, and which lasted more than 4 seconds and less than 45 seconds. The terminal Since the data are not normally distributed, the plots show the median, the interquartile range, and the 10th and 90th centiles. Individual data points which lie outside the 10th and 90th centiles are individualy shown. SRBD-sleep related breathing disorder.
fall of 4 mm Hg was introduced to allow for small inspiratory blood pressure falls which persisted despite the smoothing process ( fig  1) . The 18 mm Hg threshold was selected to optimally separate blood pressure rises associated with arousal from the spontaneous changes which occur during normal sleep, particularly the blood pressure rises which accompany K complexes. '5 By these criteria the falls in systolic blood pressure related to inspiration progressively increased from normal sleep, through snoring and snoring with arousals, to frank obstructive sleep apnoea (fig 2) . The number of arousal associated blood pressure rises also increased across these diagnostic categories (fig 2) . Of the 117 periods of sleep characterised by either snoring with arousals or frank obstructive sleep apnoea, 116 included more than 30 blood pressure rises per hour. Only two periods of undisturbed sleep (normal sleep and snoring without arousals) included blood pressure rises above this threshold (fig 2) . Both these samples were of light (stage 1/2) sleep, and recurrent EEG arousals were present but were not caused by a respiratory abnormality.
From these analyses two arbitrary definitions of normality were selected for use in the prospective analysis; the 95th centile for the inspiratory falls in blood pressure for the normal samples was set at 12-5 mm Hg (fig 2) , and the threshold for blood pressure rises was fixed at 30 per hour since all but one of the periods of clinically abnormal sleep had values above this limit (fig 2) . 
PROSPECTIVE TESTING OF THE COMPUTER PROGRAMS
The characteristics of the 20 subjects studied prospectively are shown in the table. Nine were considered normal, five snored without significant sleep disruption, and six had a significant sleep related breathing disorder. All the subjects with significant sleep disordered breathing were offered treatment. In five cases this was a trial of nasal continuous positive airway pressure and in one case tonsillectomy. All six subjects considered to have a significant sleep and breathing disorder had > 4% arterial oxygen saturation dip rates above 10 per hour. The mean size of the inspiration related falls in systolic blood pressure increased across each of the three diagnostic categories (fig 3; p < 0*0001, analysis of variance and Duncan's post hoc multiple range test). The number of blood pressure rises suggesting arousal from sleep was greater in the group with significant sleep disordered breathing than it was in the normal subjects or snorers without arousals (fig 3; p < 0 004, analysis of variance and Duncan's post hoc multiple range test).
All six subjects with a sleep related breathing disorder had more than 30 blood pressure rises per hour of the study. One other subject also exceeded this limit. As a method of identifying subjects with obstructive sleep apnoea or snoring induced arousals, the number of blood pressure rises per hour of sleep was Median (range) characteristics of the 20 subjects included in the prospective study thus 100% sensitive and 87% specific. The positive predictive value of an abnormal result was 75%, and the negative predictive value of a normal result 100%. Four of the seven subjects with more than 30 blood pressure rises per hour had a mean inspiratory blood pressure fall of more than 12-5 mm Hg, and all these subjects had a sleep related breathing disorder. Of the three others, one was normal and two had obstructive sleep apnoea with small associated inspiratory efforts on the video and respiratory movement recordings.
The relationship between the > 4% arterial oxygen saturation dip rate and the number of arousal related blood pressure rises is shown in fig 4. These indices correlated moderately well (r = 0-88, 95% CI 0-72 to 0-95, p < 0 0001), but there were consistently more blood pressure "events" than desaturation "events" (range of differences 4-34 per hour).
Discussion
This study has shown that simple computer algorithms can identify the falls in blood pressure which occur with sleeping respiration and the rises which occur when sleep is fragmented by a respiratory abnormality. The number of arousal related rises is a useful marker for identifying patients with pathologically disturbed sleep, and the inspiratory related falls are helpful in isolating an obstructive respiratory cause for this in about half the abnormal cases.
During this study beat-to-beat blood pressure was recorded with the Finapres device. This method depends on a pneumatic servocontrolled cuff which is inflated to keep the infrared absorption of the finger constant by correcting a photoplethysmogram. Since changes in digital infrared absorption are caused by variations in digital blood volume,'6 the changes in cuff pressure required to keep the photoplethysmogram constant reflect changes in intravascular pressure.'6'7 This is an accurate method for monitoring blood pressure changes, and successfully follows the alterations which occur during the Valsalva manoeuvre, the Muller manoeuvre, atrial fibrillation,'8 as well as obstructive sleep apnoea.'9 The non-invasive nature of this method has obvious advantages in sleep study work and, being painless, may disrupt sleep less than invasive cannulation. Since digital arterial pressure differs from brachial arterial pressure because of the hydrostatic effects of hand position,l8 '9 and the normal change in blood pressure along the vascular tree,20 the Finapres is best used as an index of blood pressure change, rather than of absolute pressure.'8 For this reason all the blood pressure algorithms used in this study depend on monitoring blood pressure changes and no absolute pressures are used.
Patients with heavy snoring and sleep arousals can present with symptoms indistinguishable from classical obstructive sleep apnoea which respond to continuous positive 2 3 airway pressure. For this reason the definition of a sleep related breathing disorder used in the prospective study allowed for the inclusion of subjects who snored, were sleepy, and demonstrated recurrent arousals during sleep, but whose other respiratory indices were normal. In practice none of the 20 prospective subjects was included in this category on the basis of snoring with arousals alone, and all those classified as abnormal had an arterial oxygen saturation dip rate of more than 10 per hour.
In this report a non-EEG marker of arousal has been studied. Such markers are simple to quantify and should be abnormal whatever the cause of the sleep disturbance. They are also a logical end point since the dominant symptoms of the sleep apnoea syndromes are symptoms of sleep deprivation and not hypoxaemia." Possible markers of arousal include movement,22 and autonomic changes such as cardioacceleration23 or the blood pressure rise examined here. Movement is a marker of substantial arousal and correlates with the presence of arousals.22 Unfortunately sustained wakefulness is associated with a lot of movement, and therefore a poor night's sleep with long periods of wakefulness produces very abnormal results, even in an otherwise normal subject. The autonomic indices do not share this problem. Repetitive arousal stimuli which cause significant autonomic changes during sleep do not produce similar changes during sustained wakefulness. 24 Either blood pressure or heart rate might be a useable autonomic marker; however, blood pressure responses do seem to be more sensitive than heart rate changes, at least in normal subjects. 
